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theoreticians in developmental biology, 
as mainstream opinion held that one 
had to clone the genes involved and 
isolate the corresponding molecules — 
and that development would then 
be understood. The interest in 
theories was correspondingly low. 
At this time, the fascinating and 
beautiful patterns on shells were 
for me an inspiring looking glass to 
study the richness of patterns that 
can emerge if several patterning 
systems are superimposed. Because 
the shell patterns are time records, 
they preserve the complete history 
of their formation — an exceptional 
advantage for decoding the underlying 
dynamics. It has turned out that, 
depending on half life, strength of 
interactions and other parameters, the 
same molecular interaction can lead 
to very different patterns. Without an 
explicit quantitative model, one cannot 
predict directly the emerging pattern, 
even if all the individual components 
involved are known. This is a system 
property, requiring mathematics to 
be understood. The shell work had 
a high pay off for me. The lessons I 
learned from them were later a key 
to understand other highly dynamic 
patterning systems, for example how, 
in an Escherichia coli bacterium the 
cell centre is identified as the place 
to initiate cell division, or how the 
dynamic signalling can be achieved 
that leads to the ever changing 
pseudopod formation at the cortex of 
a motile eukaryotic cell.
Do you have a favourite paper? 
The discovery by Hobmayer et al. 
that the canonical Wnt-pathway is 
crucial for the formation of the hydra 
organizer, reported in their 2000 paper 
‘WNT signalling molecules act in axis 
formation in the diploblastic metazoan’ 
(Nature 407, 186-189), was a key for me 
in several respects. Together with other 
data, this work allowed the hypothesis 
that the body of a hydra-like, radially 
symmetrical ancestor evolved into the 
brain and heart of higher organisms. 
In this view, midline formation — a 
precondition for a central nervous 
system — and trunk formation were 
later evolutionary inventions. In 
this light, therefore, the brains of 
vertebrates and insects are under the 
control of the same genes, although 
the common ancestor had presumably 
no brain: both are derived from the 
body pattern of a common hydra-like 
ancestor. Moreover, we have known for 
more than 80 years that the Spemann 
organizer is decisive for axis formation 
in vertebrates. But we have two main 
body axes, not just an anteroposterior 
axis but a dorsoventral one as well. 
Starting from the data in the Hobmayer 
et al. paper, it was possible to propose 
a consistent model for the formation of 
a near-Cartesian coordinate system for 
vertebrates — for which one organizer 
is not enough.
What do you think are the big 
questions to be answered next in 
your field? So far, we know very little 
about how the size of a particular 
organ or the final size of an animal 
is encoded in the genes. Having 
the complete sequence of several 
genomes obviously does not help. The 
privilege of a theoretician is that he 
can assume any mechanism, at least 
initially. Even with this freedom, I failed 
to model growth control in particular 
developmental situations. A key 
problem is that we do not know how 
fine-grained the differences between 
adjacent cells are. Another challenging 
problem is the patterning within a cell. 
In a multi-cellular organism position-
dependent gene activation can lead to 
stable cell differentiation in particular 
regions. This cannot work within a 
cell. Nevertheless, pattern formation 
was presumably already invented in 
single-cellular organisms. Progress in 
understanding the common features 
of pattern formation within and 
between cells and the transitions 
between both modes will be certainly 
most fascinating.
What is your hope for the future 
role of theories in developmental 
biology? Theories are an indispensable 
tool in so many branches of 
science. Our intuition is insufficient 
to understand complex systems 
that are based on many positive 
and negative feedback loops. 
Mathematically formulated models 
are an appropriate tool to discriminate 
between hypotheses that appear to be 
reasonable and those that are indeed 
able to account for the observations. 
I hope that in developmental biology 
theories become a normal and integral 
tool to understand this wonderful 
dynamic system, which is at the base of 
our existence. 
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What are they? Roughly speaking, 
multivesicular bodies (MVBs) are 
acidic endocytic organelles defined 
by numerous luminal vesicles. MVBs 
were first visualised by early electron 
microscopists and formally shown to 
connect with the endocytic pathway 
in studies that followed the fate of 
internalised fluid-phase markers, such 
as horseradish peroxidase or small 
gold particles.
Also known as? Late endosomes, 
endocytic carrier vesicles, the 
pre- vacuolar compartment (in yeast).
How are they created? The 
tubulo-vacuolar early endosome 
‘matures’ into the MVB by a process 
of remodelling (Figure 1). Material 
destined for recycling to the plasma 
membrane or trans-Golgi network 
(TGN) concentrates in distinct tubular 
elements, which undergo fission. 
Luminal vesicles accumulate in 
the vacuolar body, which becomes 
increasingly refractory to receipt of 
newly endocytosed material. During 
this process, the vacuole becomes 
more acidic, the small GTPase Rab5 
is lost and replaced by Rab7, and the 
vacuole acquires a different spectrum 
of phosphoinositides on its limiting 
membrane (less phosphoinositide-3-
phosphate (PtdIns3P), probably more 
PtdIns(3,5)P2).
What’s in the luminal vesicles? 
With some exceptions (see below), 
these vesicles contain cargo that 
needs to be delivered to the lysosomal 
lumen, having first been delivered to 
the sorting/early endosome from the 
plasma membrane or the TGN. Such 
cargo can include receptors undergoing 
downregulation or some lysosomal 
enzymes that are in transit from the 
secretory pathway. It is assumed that 
most receptor tyrosine kinases take 
this route to degradation, largely based 
on unequivocal immuno- electron 
microscopy studies of the EGF 
receptor. Attempts to purify the luminal 
vesicles have suggested they are also 
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proteins of the tetraspanin family. 
How are proteins sorted into 
MVBs? Tagging cargo proteins with 
ubiquitin engages the MVB sorting 
machinery, which includes several 
proteins with ubiquitin-binding 
domains. This machinery was 
originally identified in a screen for 
yeast mutants defective in vacuolar 
protein sorting (VPS). The 20 class 
E VPS mutants are considered to 
represent the core components in 
both yeast and mammalian cells, now 
known as the ESCRT (endosomal 
sorting complexes required for 
transport) machinery. For a limited 
set of these genes, the class E 
compartment was shown by electron 
microscopy to represent an extended 
pre-vacuolar entity lacking luminal 
vesicles. However, most class E VPS 
genes have been grouped together 
on the basis of a common mutant 
phenotype involving the accumulation 
of fluorescent cargo in a perinuclear 
fluorescent ‘blob’. This assay does 
not distinguish between a block in 
sorting into vesicles or a block in 
vesicle formation, however. Recent 
electron microscopy studies from 
Greg Odorizzi’s laboratory have shown 
that the absence of the class E protein 
Did2 in yeast leads to defects in the 
sorting of ubiquitinated cargo, yet 
vesicle formation can still proceed. 
Morphological studies of the effects 
of knockdown of class E genes in 
mammalian cells reveal a variety of 
phenotypes. Some proteins may be 
sorted to the MVB in a ubiquitin-
independent manner, but the requisite 
sorting signals are unclear. Whilst 
sorting into luminal vesicles of MVBs 
has been the subject of much study 
in recent years, the mechanisms 
governing protein sorting to the 
limiting membrane of MVBs and 
lysosomes is relatively unexplored. 
But I thought ubiquitination 
directed proteins for proteasomal 
degradation? That’s true for cytosolic 
proteins and those destined for 
endoplasmic-reticulum-associated 
degradation (ERAD), which are 
generally thought to use polyubiquitin 
chains linked via the Lys48 residue 
in ubiquitin, so-called K48-linked 
chains. The endocytic pathway, 
however, seems to use mostly multi-
monoubiquitination or, better still, K63-
linked polyubiquitin chains for sorting. In vitro studies suggest that K63 chains 
can also direct proteins for proteasomal 
degradation: perhaps rapid 
sequestration by ubiquitin-binding 
proteins may protect such proteins 
from this fate in vivo. It is intriguing 
that the two major cellular degradative 
pathways — lysosome-mediated 
degradation and proteasome-mediated 
degradation — both use ubiquitin 
tagging for substrate recognition yet 
are otherwise quite distinct. 
Where do MVBs go? MVBs move 
centripetally along microtubules and 
can fuse directly with lysosomes, 
the terminal compartment of the 
endocytic pathway.
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Figure 1. Key stages on the lysosomal pathway. 
MVBs can be definitively identified only at the ultrastructural level, i.e. by electron microscopy. 
The transition from an early/sorting endosome to a MVB is a gradual process and boundaries 
are somewhat blurred. Gold particles (middle panel) indicate the luminal disposition of inter-
nalised EGF receptors. MVBs can fuse directly with electron-dense mature lysosomes and, 
in specialised cases, may undergo regulated fusion with the plasma membrane, a process 
implicated in exosome release. Electron micrographs of sorting endosome, MVB and lysosome 
were kindly provided by Ian Prior (University of Liverpool, UK), Clare Futter (Institute of Oph-
thalmology, London, UK) and Graça Raposo (Institut Curie, Paris, France), respectively.
How many flavours of MVB are 
there? Probably many more than 
widely appreciated, even within the 
same cell. In BHK cells, operationally 
defined endocytic carrier vesicles 
and late endosomes are both 
forms of MVB but display different 
membrane fusion propensities; 
so-called carrier vesicles can 
fuse with late endosomes but not 
with each other. Morphologically 
indistinguishable MVBs show distinct 
immunolabelling patterns — for 
example, the EGF receptor remains 
largely distinct from a late endosomal 
marker, lyso-bis- phosphatidic 
acid. Then there are the specialist 
MVBs: antigen-presenting cells 
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the whole of sub-saharan Africa: 
chacma baboons (Papio h. ursinus) 
are found in Southern African; yellow 
(P.h.cynocephalus) and olive (P.h. 
anubis) baboons are found in East 
Africa; Guinea baboons (P.h.guinea) 
have a very restricted range in west 
Africa; and the hamadryas baboon 
(P.h.hamadryas) is found in Ethiopia, 
Eritrea and the Arabian peninsula. 
Genetic data suggest a southern 
African origin for the genus, which 
then dispersed up and across the 
rest of Africa. This pattern places 
the ancestors of the modern chacma 
baboons at the stem of the baboon 
family tree, and suggests that many 
of the ecological and behavioural 
traits displayed by modern-day 
baboons reflect their origins in 
the highly seasonal, quite harsh 
conditions of the southern African 
Pleistocene.
The Papio baboons are sometimes 
placed into five separate species, but 
as they interbreed where their ranges 
overlap, they are more commonly 
considered to be a single species 
divided into a number of sub-species. 
The ‘savannah’ baboons (the yellow, 
anubis, guinea and chacma baboon) 
have similar social structures, but 
they show behavioural differences 
that presumably reflect local selection 
pressures on isolated populations as 
the species dispersed northwards. 
These behavioural differences mirror 
the morphological differences among 
the different allotaxa, such as the 
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What are baboons? Baboons of the 
genus Papio are the largest and most 
successful of the African monkeys, 
and the most intensively studied. They 
were first studied around 100 years 
ago by Eugene Marais, author of ‘The 
Soul of the Ape’ and ‘My Friends 
the Baboons’. Baboons are found in 
habitats as diverse as the deserts of 
Namibia and the tropical forests of 
western Uganda, from the highlands 
of Ethiopia in the north to the Cape 
of Good Hope in South Africa. As this 
wide ecological distribution suggests, 
baboons are highly opportunistic, 
omnivorous primates. Their diet is 
both catholic and eclectic: they eat a 
very wide variety of plant species and 
parts, occasionally feeding on small 
mammals and birds, but are also very 
selective feeders, often eating only 
one small part of a particular species 
and ignoring the rest (Figure 1). One 
key feature of the baboon diet is their 
ability to dig for food and make use 
of a variety of subterranean items, 
such as corms, tubers, bulbs and 
rhizomes. This means they can obtain 
food in areas, and at times, when 
above-ground resources are otherwise 
scarce, and can therefore occupy 
habitats from which other primates 
may be excluded. 
Group size among baboons is 
highly variable, ranging between 22 
and 80 animals on average, and is 
responsive to habitat quality and 
seasonality, and the level of predation 
risk. Body weights of baboons across 
Africa are also highly responsive to 
environmental variations: baboons in 
very dry or very wet habitats are larger 
than those living in more moderate 
climates. They are also highly sexually 
dimorphic: average male body size 
ranges from 17–30 kg, twice the size 
of females, which range from 10–15 
kg. Males also have much larger 
canine teeth than females. These 
differences relate to the high level of 
male–male competition for mates. 
How many species of baboon are 
there? The Papio baboons emerged 
as a genus approximately 2.5 
million years ago and subsequently 
differentiated into a number of 
sub-species which, today, cover 
Figure 1. A juvenile baboon tucks into a pro-
tea flower.store and load MHC class II 
proteins in the MVB-like MHC class 
II compartment (MIICs) and many 
haematopoietic cells create an MVB-
like compartment, the exosome, 
which releases internal vesicles that 
can regulate immune responses by 
fusion with the plasma membrane. 
In neurons, signalling information is 
carried from the nerve terminal to 
the cell body in non-acidic MVB-like 
structures, within which tetanus toxin 
can hitch a ride. In melanocytes, 
MVBs represent a critical stage in the 
biogenesis of melanosomes.
Any medical implications? Loads. 
One could think of the MVB pathway 
as a tumour suppressor pathway. 
Sequestration of receptor tyrosine 
kinases away from the cytosol 
immediately terminates signalling and 
lysosomal degradation modulates 
receptor levels. The ubiquitin E3 ligase 
c-Cbl, which tags receptor tyrosine 
kinases for sorting to the MVB, is 
an established proto-oncogene. 
Functional MVBs are required for 
fusion of the endo-lysosomal system 
with pre-autophagosomal structures, 
a process important for the clearance 
of protein aggregates and suppression 
of neurodegenerative conditions. 
Also, HIV and other enveloped viruses 
hijack the MVB machinery to elicit viral 
budding at the plasma membrane. In 
macrophages, infectious HIV particles 
acquire late endosomal marker 
proteins and bud into a compartment 
that morphologically resembles MVBs. 
Recent studies suggest, however, that 
the limiting membrane of this structure 
is in fact contiguous with the plasma 
membrane.
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